Abstract The U.S. NHANES included chemosensory assessments in the 2011-2014 protocol. We provide an overview of this protocol and 2012 olfactory exam findings. Of the 1818 NHANES participants aged ≥40 years, 1281 (70.5 %) completed the exam; non-participation mostly was due to time constraints. Health technicians administered an 8-item, forced-choice, odor identification task scored as normosmic (6-8 odors identified correctly) versus olfactory dysfunction, including hyposmic (4-5 correct) and anosmic/severe hyposmic (0-3 correct). Interviewers recorded self-reported smell alterations (during past year, since age 25, phantosmia), histories of sinonasal problems, xerostomia, dental extractions, head or facial trauma, and chemosensory-related treatment and changes in quality of life. Olfactory dysfunction was found in 12.4 % (13.3 million adults; 55 % males/45 % females) including 3.2 % anosmic/severe hyposmic (3.4 million; 74 % males/26 % females). Selected age-specific prevalences were 4.2 % (40-49 years), 12.7 % (60-69 years), and 39.4 % (80+ years). Among adults ≥70 years, misidentification rates for warning odors were 20.3 % for smoke and 31.3 % for natural gas. The highest sensitivity (correctly identifying dysfunction) and specificity (correctly identifying normosmia) of self-reported olfactory alteration was among anosmics/severe hyposmics (54.4 % and 78.1 %, respectively). In age-and sex-adjusted logistic regression analysis, risk factors of olfactory dysfunction were racial/ethnic minority, income-to-poverty ratio ≤ 1.1, education <high school, and heavy drinking. Moderate-to-vigorous physical activity reduced risk of impairment. Olfactory dysfunction is prevalent, particularly among older adults. Inexpensive, brief odor identification tests coupled with questions (smell problems past year, since age 25, phantosmia) could screen for marked dysfunction. Healthcare providers should be prepared to offer education on non-olfactory avoidance of hazardous events.
Introduction
The National Health and Nutrition Examination Survey (NHANES) is part of the United States public health surveillance, the continuous, systematic collection, analysis, and interpretation of health-related data conducted by the National Center for Health Statistics (NCHS), Centers for Disease Control and Prevention (CDC). NHANES data are used to clarify the prevalence of health problems for setting priorities, public health policy and strategies, and research needs. NHANES is administered to a nationally-representative sample of approximately 5000 civilian, non-institutionalized persons of all ages from 15 randomly selected counties/other similar geographic jurisdictions each year [1] .
NHANES participants first take part in a health interview in their home, followed by clinical tests, a dietary interview, and physical exams in the mobile examination centers (MECs). Two teams of interviewers/examiners are in the field simultaneously, conducting operations for approximately six weeks in each of the randomly selected Bstands^in targeted counties. Using a fully computerized data collection system and standardized measures, trained health technicians collect information on a wide variety of diseases, medical conditions, and health indicators, including diabetes, cardiovascular disease, sexual behavior, physical activity, dietary intake, and environmental exposures. NHANES has a core battery of tests and questions (e.g., household composition, annual household income, dietary intake, and behavioral questions) administered every year. The content and measurement procedures in NHANES, however, are updated and revised frequently to meet new and emerging public health needs in the United States [1] .
For the first time since the U.S. national health examination surveys began in 1959, the NHANES 2011-2014 protocol included a chemosensory (taste and smell) component in its home questionnaire and battery of exams. The overall goals of the NHANES taste and smell component were: 1) to generate normative data for chemosensory function and nationally representative estimates for the prevalence of taste and smell dysfunction or alterations in U.S. adults 40 or more years of age, 2) to evaluate risk factors and co-morbidities that may be related to chemosensory impairment, including age, health history, obesity, life style factors (e.g., cigarette smoking and alcohol consumption), and 3) to determine how variation in chemosensory function may be associated with differences in dietary behaviors, including consumption of nutrients that influence health and chronic disease risk (e.g., consumption of salt, alcoholic beverages, vegetables).
This paper provides an overview of the NHANES taste and smell protocol, including a historical framework leading up to national health objectives for chemosensory disorders within Healthy People 2020. We report on the initial results from the limited access 2012 NHANES olfactory test data, including the prevalence of olfactory dysfunction, comparison of selfreported to measured olfactory dysfunction, and demographic and clinical predictors of olfactory dysfunction.
Historical framework
Despite significance from a public health and public safety point of view, knowledge about the prevalence and treatment of smell and taste disorders in the general population has been limited. Since only a few epidemiological studies had been conducted in this field, the National Institute on Deafness and Other Communications Disorders (NIDCD) proposed collaborating with the NHANES Division, NCHS to obtain normative reference data for the ability to taste and smell in the U.S. population. For several years, the NHANES efforts were suspended due to lack of Congressional authorization and funding. In 1997, when it became known that the U.S. Congress would reauthorize and fund NHANES, NIDCD convened a meeting of expert consultants in its mission areas (hearing, balance, smell/taste, voice, speech and language) to plan examination components. Further refinement of goals was accomplished during the 2005 NIDCD Workshop on Epidemiology of Communication Disorders [2] . A chemosensory protocol was developed by NIDCD and consultants for NHANES 2005-2006, but was not implemented due to concerns about exam length, practical difficulties with obtaining uniform taste/smell stimuli, and lack of prior experience in using the proposed protocol in population-based studies. The initiative was re-launched in 2010 as a result of intervening progress in the development and standardization of epidemiological tools to assess taste and smell. Concurrently, the Federal Interagency Workgroup for Healthy People 2020 endorsed the NIDCD proposal to add taste and smell disorderrelated goals to its surveillance monitoring agenda, including a goal to increase the proportion of adults with chemosensory disorders who have seen a health care provider about their disorder and, also, to increase the proportion of adults who have tried recommended methods of treatment [3] .
Chemosensory protocol -rationale and background
The NHANES 2011-2014 Chemosensory protocol [4] was developed through consultation with an expert team of researchers, clinicians, and epidemiologists in chemosensation. The primary challenge was to design a protocol that was brief to fit within the NHANES time constraint (<15 min), while providing an adequate amount of information on taste and smell. To meet the NHANES eligibility criteria, the chemosensory measures also had to be reliable, valid, and minimally burdensome to participants. The protocol was designed to address the goals of the taste and smell component, and to be consistent and feasible within the NHANES testing framework. Priority was given to taste and smell measures that covered the full range of chemosensory function (both clinical and normal variation) and were relevant to health and nutritional outcomes collected as a part of NHANES.
In designing the protocol, the NHANES chemosensory team built on the work of the NIH Toolbox project [5] -an initiative that identified and assembled brief, reliable measurement tools in the domains of cognition, emotion, sensation and motor function. Rapid taste and smell assessments [6, 7] , developed and standardized in the NIH Toolbox, were modified, adapted, and standardized for NHANES use; they were pilot tested in two NHANES stands during 2010-2011. The final NHANES taste and smell protocol [4] was deemed highly acceptable by NHANES technicians and participants. The NHANES health technicians were provided significant training and retraining on the taste and smell protocol and their performance was checked and monitored at frequent intervals.
Standardized scripts were developed and used for each exam component. The data collection system was computerized and included rigorous quality control and quality assurance procedures.
The NHANES taste and smell protocol [4] was administered to participants 40 years and older in the 2011-2014 data cycles and consisted of self-reported answers to a chemosensory questionnaire (CSQ) [8] that was administered in the respondents' homes, followed by a brief battery of smell and taste exams in the NHANES mobile exam centers (MEC). The CSQ asked about perceived smell and taste problems during the past 12 months, distortions, and diminished abilities since age 25 (collectively termed Balterations^). Also, conditions known or thought to be associated with chemosensory alterations were included in the CSQ. In the MEC, the taste and smell exam protocol was operationalized in a manner similar to that used in the NIH Toolbox protocol, with an odor identification test to assess smell function [7] and a spatial or regional taste test of the perceived intensity of bitter and salt solutions to assess taste function [6] . The CSQ was implemented in NHANES at the outset of the 2011-2012 data cycle, and both the CSQ and taste and smell exams were performed throughout 2012-2014. The present study describes the selection, standardization, and implementation of the chemosensory measures included in the 2011-2014 NHANES taste and smell protocol. The prevalence and risk factors of self-reported olfactory alterations from the NHANES CSQ 2011-2012 have been reported previously [9] . In the present paper, we report the prevalence and risk factors of measured olfactory dysfunction, as well as sensitivity and specificity estimates for the self-reported olfactory measures from the 2012 NHANES data.
The chemosensory questionnaire (CSQ) for NHANES, 2011-2014
The CSQ was developed and standardized specifically for use in the NHANES home interview. The questionnaire was adapted from previous research, including a communitybased study of self-rated olfaction in older adults [10] , the olfaction and taste questionnaire used in the Beaver Dam Studies [11, 12] , and the self-reported chemosensory questionnaire used in the Disability Supplement to the 1994 National Health Interview Survey [13] . The CSQ was content-validated by a nationwide team of chemosensory experts and cognitively tested for response problems and cultural appropriateness to ensure that respondents could understand, process, and interpret the questions in a consistent manner as intended. Testretest reliability study of the CSQ items has shown good-toexcellent agreement across a six month interval [14] .
The CSQ was constructed to be brief, with single questions capturing perceived taste and smell problems within the past 12 months; perceived distortions or phantom sensations in taste (dysgeusia and 'quality' of the dysgeusia, e.g., Bmetallic,^Bfoul,^Bbitter,^etc.), oral somatosensation (burning, tingling) and distortions or phantom sensations in smell (parosmia, phantosmia); perceived changes since age 25 in overall smell function, ability to perceive specific taste qualities (sweet, salty, sour, or bitter), and the ability to Btaste^food flavors. The CSQ was constructed with skip patterns; if the participants reported problems with smell or taste, they were prompted with additional questions about these problems. Follow-up questions about the frequency and time frame of chemosensory-related problems were included to capture transient or intermittent taste and smell problems.
To provide information for the Healthy People 2020 chemosensory objectives, participants were asked about the effects of chemosensory-related problems on their health and quality of life, and whether or not they sought medical attention and/or treatment for these problems; these questions were included to provide baseline data from which to track increases or decreases in the treatment and health burden of these disorders in the U.S. population. The CSQ also included additional questions on the history of some common conditions or exposures that could potentially affect taste and smell that were not being captured in other NHANES questionnaire or exam components. For example, a history of frequent nasal congestion, tonsillectomy, and loss of consciousness from head injury were included in the CSQ. In 2011-2014 data cycles, NHANES participants 40 years or older were administered the CSQ in their homes by trained interviewers, using a Computer-Assisted Personal Interviewing (CAPI) system.
The CSQ was designed to supplement the NHANES taste and smell exams as well as provide comparison between selfreported and measured chemosensory function in U.S. adults. Self-reported smell function typically has not been considered to be a sensitive indicator of measured impairment [10] . However, previously reported low sensitivities of selfreported smell function may have resulted from the use of a single question, which simply asked participants to rate their current smell ability [11, 15] . In a home-based community study [10] , self-reported indices of olfactory function that included the CSQ question on smell loss with age (in addition to 'current smell ability') showed better sensitivity and specificity to measured function than had been previously reported. Another laboratory-based study [14] showed that individuals reporting smell problems or smell loss with age in the CSQ scored significantly lower in odor identification tests. Nonetheless, the high discrepancy between the prevalence rates of self-reported and measured olfactory function in population-based studies [11, 16, 17] suggests that a majority of individuals with smell problems are unaware of their deficits, and hence go undiagnosed and untreated. This further underscores the timeliness of Healthy People 2020 chemosensory objectives aimed at improving assessment and treatment rates for chemosensory disorders in U.S. adults. Still, subjective assessment tools like the CSQ are necessary to understand the perceived health impact of chemosensory disorders and capture intermittent losses and distortions (dysgeusia, phantosmia) that may be missed by chemosensory exams.
Previously released data from the NHANES 2011-2012 CSQ (n = 3603 adults, aged ≥40 years) revealed the prevalence of reported problems in the past year as 10.6 % for smell and 5.2 % for taste [9] . These prevalence estimates are comparable to recent population-based studies of adults for self-reported smell problems [11, 15, 18] and somewhat below those reported for taste problems [19, 20] . The proportion of adults in NHANES 2012 who noticed a reduction in smell and taste with aging was 17 % and 5 %, respectively, while the perception of a phantom odor was 5 % and dysgeusia was 5 % as well. The percent of NHANES participants who reported seeking treatment for either taste or smell disorders was less than 5 %.
Taste exam measures in NHANES
The NHANES chemosensory tests used regional and whole mouth taste intensities of bitter and salt tastants as measures of taste function, which were similar to those implemented in the NIH Toolbox norming study [6] . These NHANES taste measures were selected based on their ability to capture genetic and environmentally mediated variation in taste and for their potential relevance to diet and health.
Participants reported the taste intensity on the general Labeled Magnitude Scale (gLMS) -a fast, reliable, and well-validated method for assessing and comparing perceived sensory intensities across individuals or groups of individuals. The gLMS scale provides data similar to magnitude matching, the gold standard procedure for assessing perceived intensity [21] , is reliable [10, 22] while enjoying the advantage of being much quicker and adaptable to population-based samples. The gLMS has been used in multiple clinical [23, 24] and population-based studies [25, 26] to study variation in taste perception. The gLMS taste intensity measure captures a range of taste perception, from low to heightened taste perception (i.e., Bsupertasting^) [21] , and allows the assessment of taste phenotype-genotype [27] [28] [29] and taste-diet-health [30] [31] [32] [33] associations.
In the NHANES taste protocol, participants were first oriented to the gLMS scale and encouraged to practice using the scale by rating the brightness of two LED-generated light stimuli. Next, they were asked to rate three additional LEDgenerated light stimuli (low, medium, and high luminance). These three light ratings permit cross-modality comparisons in analyses and, also, were used to efficiently identify participants who did use the scale accurately. Participants who did not rank the intensities of the three lights in the correct order (low < medium < high), following the initial practice opportunity, were considered to have not understood the scale, and hence were excluded from the taste test.
Spatial testing measures taste intensity sensations at regions of the tongue that are innervated by different cranial nerves. This is a common technique used in laboratory and clinical settings to evaluate regional taste losses and to detect altered patterns of oral sensations [34] [35] [36] . Since regional taste loss from the anterior tongue is fairly common, NHANES taste assessments included perceived intensities of bitter and salt tastants applied regionally on the tongue tip and also sampled with the whole mouth using a swish-and-spit procedure. Regional taste loss on the tongue tip may result from chorda tympani nerve damage and usually goes unnoticed due to release of inhibition from other taste-related cranial nerves [37] . Additionally, this disinhibitory feedback may cause changes in taste, flavor, touch and irritation sensations from foods and beverages or cause oral problems such as phantom sensations and dysgeusia [35, 37] . Some studies have shown that diminished taste intensity on the tongue tip, either measured directly, or as a ratio to whole mouth intensity, is associated with dietary behaviors that may contribute to chronic disease risk. Diminished taste sensations on the tongue tip, for example, have been associated with differences in preference and intake of vegetables [30] , alcohol [38] and sweet/fatty foods [37] .
Taste testing stimuli
Concentrated aqueous solutions of quinine (1 mM) and NaCl (1 M) were selected as probes of regional taste function applied to the tongue tip [6] , and these two tastants plus 0.32 M NaCl were also sampled with the whole mouth (Fig. 1) . Quinine, an FDA-approved flavor additive found in tonic water, was selected since it is a widely used prototypical tastant for bitter sensations, and has been previously used in assessing regional taste damage [30, 34, 35, 38] . Quinine is broadly tuned to multiple bitter taste receptors [39] , and age-related differences in both threshold and suprathreshold intensities of quinine have been reported previously [40] . Bitter taste perception was selected for inclusion in NHANES due to its influence on palatability and consumption of important food and beverage groups, such as fruits, vegetables, and alcohol. The salt stimuli were selected for their dual role as a taste and an irritant, plus the potential relevance of excessive salt consumption to health risks. These regional and whole mouth taste measures (excluding 0.32 M NaCl) were also selected for use in the NIH Toolbox taste protocol norming study [6] .
In addition to quinine, 6-n-propylthiouracil (PROP) was initially included as another bitter taste measure in NHANES. PROP and phenylthiouracil (PTC) had been used in prior genetic epidemiological studies (e.g., [32, 41] ), and are widely used phenotypic markers for genetic variation in taste [42, 43] . PROP is a commonly used medication to manage hyperthyroidism. While the clinical treatment dosage is much higher than the exposure during the swish-and-spit taste test procedure, given the potential chance of encountering an NHANES participant who had previously developed a treatment-related side effect to these medications [44] and the extended time required to fully inform participants of the risks of these medications, PROP taste testing was removed from the NHANES protocol during pilot testing.
Validation studies have indicated that NHANES (and NIH Toolbox) taste measures correspond well with traditional assessments and can identify population level differences in taste function [6, 14] . In our laboratory-based study [14] , whole-mouth intensity of quinine correlated well with all taste qualities (1 M Sucrose, 32 mM Citric Acid, 1 M NaCl) including PROP, supporting its utility as a marker for broader taste functioning. Studies have also shown that NHANES taste measures have moderate-togood test-retest reliability [14, 45] . In the NHANES, a replicate test for whole-mouth salt intensity (randomized between 1 M NaCl or 0.32 M NaCl) was also included in the protocol to demonstrate within session test-retest reliability of this whole mouth taste measure.
Assessing olfactory dysfunction in NHANES
Smell function in NHANES was assessed with an 8-item, odor identification test (Pocket Smell Tests™, Sensonics, Inc., Haddon Heights, NJ). Of many available psychophysical measures of olfactory function, odor identification tests are the most widely used in epidemiological and clinical settings, as they are quick, relatively inexpensive and easy to administer. The odor identification test corresponds well with odor threshold tasks as well as other suprathreshold olfactory measures (e.g., discrimination, odor intensity), and hence is considered to be a rapid and accurate method for detecting olfactory dysfunction [46] [47] [48] .
The NHANES Pocket Smell Test (PST) was constructed based on the University of Pennsylvania Smell Identification Test (UPSIT) [49] , which is considered one of the gold standards for measuring olfactory function. Prior to being implemented in the 2012-2014 NHANES protocol, the PST underwent significant cognitive and pilot testing to identify potential response problems and to ensure cultural appropriateness. The type and number of odorants included in the original odor identification test underwent several modifications for NHANES during the extensive review and pilottesting process. For example, Bbanana,^which was initially included as one of the test odorants, was later removed. Since banana was not introduced on a broad scale into Korea until the 1990s, it was decided that this test item might pose problems for some older native Koreans and Korean-Americans. The odor items included in the final, modified version of the PST were carefully selected to include food odors (strawberry, chocolate, onion, grape) relevant to diet and nutrition, two warning odors (natural gas, smoke) and two common household odors (leather, soap). Natural gas and smoke were included, since these two odorants are important from a public safety point of view; onion was included as a trigeminal probe. Consistent with the precedent set by use of the San Diego Odor Identification Test (SDOIT) in the Beaver Dam studies [11, 12] , it was decided that eight odorants could serve as an adequate number of test items needed to accurately characterize olfactory function, while minimizing the time needed to administer the test. Olfactory function categories were formed from the PST following the findings based on the Beaver Dam studies with the SDOIT, an approach which differed from that used in the National Social Life, Health, and Aging Project [11, 50] . The odorants in the NHANES PST are microencapsulated and positioned on scent strips at the bottom or top of each test card (Fig. 1 ). The odors were released when the NHANES health technician scratched the strips with a plastic stylus tip from left to right in a BZ^pattern.
Participants were asked to sniff or smell each odor, and identify the odor, selecting one of the four choices provided. The forced-choice design of the PST required the participant to choose an answer from one of the four alternatives even if no odor was perceived. Olfactory function score is based on the number of correct identifications (total scores range from 0 to 8). Incorrect identification of three or more odors (resulting in total scores 0-5) is classified as olfactory dysfunction. Olfactory dysfunction is sub-classified into anosmia/severe hyposmia (scores 0 to 3) and hyposmia (scores 4 to 5). This classification was adapted from the well-validated eight-item SDOIT used in the Beaver Dam studies [11, 12] .
These cut-off points selected for the PST also aligned with the percentages calculated from the UPSIT scoring classification. In a laboratory-based study, the NHANES PST showed 100 % sensitivity and 98 % specificity for detecting moderate to severe dysfunction, when compared with a 40-item olfactometer-based identification test [14] . The NHANES PST also showed good test-retest reliability over a two week interval, for both olfactory function classification and overall identification scores [14] .
Olfactory dysfunction analysis based on NHANES 2012
The NHANES 2012 data analyzed for this report were made available through secure, on-site access at the NCHS Research Data Center. The 2012 NHANES data will not be released publicly since it is NCHS policy not to release data based on a sample collected from only a single year of the NHANES, due to confidentiality considerations and concerns. We have analyzed the limited access NHANES 2012 data -the first available based on a nationally-representative sample of U.S. adults aged 40 or more years -to report on the prevalence of olfactory dysfunction based on the PST objective scoring algorithm, to examine the sensitivities and specificities of selfreported smell alterations from the CSQ with respect to the measured PST scores, and to examine some of the health and demographic and clinical factors associated with increased olfactory dysfunction.
Materials and methods
Study population The NHANES 2012 involved the collection of questionnaire and clinical measures from a nationallyrepresentative sample of the non-institutionalized, civilian U.S. population. An oversample of the following subgroups of the population was used to improve the reliability and precision as well as to increase the diversity in estimates of health status [51] : Hispanic, non-Hispanic (NH) black, and NH Asian; NH white (plus Bother^race/ethnicity) below 130 % of the poverty level and/or aged 80 years and above. Data collection for NHANES 2012, which included the chemosensory protocol, was approved by the NCHS Research Ethics Review Board. Analysis of de-identified data from the survey is exempt from the federal regulations for the protection of human research participants. Analysis of restricted data through the NCHS Research Data Center is also approved by the NCHS IRB/ERB (Institutional Review Board/ Ethics Review Board). Pregnant or lactating women were excluded from the entire taste and smell exam in the MEC. There were no exclusions for the CSQ in the home interview. All participants provided written informed consent. The study complied with the Declaration of Helsinki for medical research involving human subjects.
The analytic sample in this report consisted of 1281 adults, aged ≥40 years, who participated in the PST along with the CSQ; this was 70.5 % of the NHANES 2012 cohort (N = 1818). Reasons for non-participation in the PST were that the participant came late/left early from the MEC (63.9 %), the participant had a time constraint (13.3 %), was with a child (6.1 %) or had a language barrier (5.9 %). Only 2 % refused to participate in the PST.
At the end of the exam, the NHANES health technician rated the participant's understanding of the protocol and cooperation during the exam as either very good, good, fair, poor, or unable to cooperate. After completing the chemosensory protocol, the participant was given a computer-generated report of findings, which included the exam results pertaining to his/her ability to identify the odors of smoke and natural gas, as well as their ability to identify salty and bitter tastes.
Measured olfactory function in the MEC Prior to testing, participants were screened for exclusion criteria (pregnant/lactating, allergies to quinine), and asked to report any current nasal symptoms (e.g., sneezing frequently, blocked-up nose, sinus pain, or runny nose) that could alter or influence the results of their taste and smell exam. Data on current nasal symptoms were collected not for participant exclusion, but to identify transient problems with taste and smell that might prove useful in subsequent statistical analyses. Participants were then administered the 8-item PST, during which they were asked to smell each odor (released when the experimenter scratched the odor strips with a pointed stylus), and identify the odor as one of the four choices provided for each item.
Self-reported smell function and smell alteration index The CSQ was administered by trained interviewers in the respondent's home-a complete codebook and data from NHANES 2011-2012 are publicly available online (CDC 2013c). For the analysis here, we have analyzed responses to the question on Ba problem with the ability to smell within the past year,â s well as the smell alteration index [9] , which categorizes an alteration as a B yes^to any one of the following: a problem within the past year, a worse sense of smell since age 25, or phantosmia. Participants also answered questions on common conditions (e.g., sinonasal, head/orofacial injury) that have been previously shown to increase risk of chemosensory alterations. Validity and reliability estimates of some CSQ questions have been reported from two studies with communitybased samples [10, 14] .
Socio-demographic and health-related risk factors Demographic, socio-economic, medical and health behavior variables from the CSQ and other self-reported questionnaires were used to evaluate associations with self-reported and measured olfactory function. These questionnaires and the corresponding data and codebooks are available online for public use [52] . Marital status [married or not (widowed/divorced/ separated/never married/living with partner)] and educational attainment (not having completed high school versus high school graduate or above) were dichotomized. Income-topoverty ratio (family income divided by federal poverty threshold [53] ) provided a measure of socio-economic status and was analyzed by quartiles [54] . Self-rated general health status was categorized (excellent/very good/good/fair/poor). Interview questions also asked about xerostomia (persistent dry mouth) during the past year, and lifetime histories of the following: tonsillectomy; loss of consciousness from head injury; broken nose or other serious injury to face/skull; heavy drinking (≥4/5 drinks daily); multiple (≥3) ear infections; and insertion of tympanostomy tubes to drain fluid from ear(s). Cigarette smoking was categorized as never, current, or past smoker. Participants were defined as physically active if they reported doing at least ten continuous minutes of vigorous-or moderate-intensity activity ≥3 days a week.
Statistical analysis
Analyses were performed using SAS, version 9.3 (SAS Institute, Inc., Cary, NC), and SUDAAN™, version 11.0 (Research Triangle Institute [RTI] International, Research Triangle Park, NC), to calculate national estimates, standard deviations (SDs), and 95 % confidence intervals (CIs) while taking into account the NHANES complex sampling design. Two-sided tests and 5 % significance levels were used in the analysis. Relationships between self-reported or measured olfactory function and socio-demographic, health-related risk factors were assessed using Chi-square or two-tailed t-tests. Age-and sex-adjusted logistic regression models were used to assess associations between olfactory dysfunction and selected risk factors. The jackknife method with replicate weights was used to estimate variance. Results are reported as odds ratios (ORs) with 95 % CIs. The multiple imputation procedure and the fully conditional specification (FCS) method were used to impute missing data to minimize the bias associated with list-wise deletion of participants with missing values. Five imputations per missing observation were performed and the average measure was calculated using SUDAAN.
The sensitivity and specificity of the self-reported olfactory measures were calculated as follows: Sensitivity = TP/(TP + FN) and Specificity = TN/(TN + FP), where TP, TN, FP, and FN are true positive (measured dysfunction), true negative (measured normosmia), false positive (incorrectly classified as dysfunction), and false negative (incorrectly classified as normosmia), respectively.
Results
Socio-demographic, lifestyle behaviors, and health conditions of the study participants and the nationally weighted prevalence estimates of self-reported olfactory and measured dysfunction by these characteristics are shown in Table 1 . Of particular importance to public safety, 9.5 % and 14.4 % were unable to correctly identify smoke and natural gas, respectively (data not shown). Sex and age differences also were observed for correct identification of these odors-males were less able to identify smoke and natural gas odors than were females (11.1 % vs. 8.1 % and 15.6 vs. 13.3 %, respectively). Especially vulnerable were participants 70 years and older; 20.3 % were unable to identify smoke correctly and 31.3 % were unable to identify natural gas correctly.
There are a number of similarities and differences to note about self-reported versus measured olfactory dysfunction. For instance, nearly equal proportions of participants reported Bsmell problems in the last year^and had Bmeasured smell dysfunction,^yet double the rate had dysfunction by the smell alteration index, which combines responses of Bsmell problems in the last year^with Bsense of smell is worse now compared to age 25^and Bphantom odors -sometimes smelling an unpleasant, bad or burning odor when nothing is there.^While significant age differences were found for each of the self-reported outcomes, only measured smell dysfunction demonstrated a monotonically increasing prevalence with age. Furthermore, sex differences were observed only for measured smell dysfunction. Comparison of prevalence estimates by race/ethnicity revealed quite different patterns for each of the three outcomes. Increased prevalence of olfactory dysfunction, either measured or self-reported smell alteration index, was seen with lower educational attainment, the lowest quartile of income-to-poverty ratio, and fair or poor self-rated health status. In terms of lifestyle behaviors, heavy drinking was associated with a greater prevalence of olfactory dysfunction (measured and selfreported smell problem) whereas participating in physical activity showed a strong protective effect (measured smell dysfunction only). Many of the chemosensory-related health conditions and exposures shown at the bottom of Table 1 have been previously reported as being related to olfactory function. In the NHANES 2012, many of these health conditions and exposures were found to be associated with increased prevalence of olfactory dysfunction, and many of them showed fairly consistent results across self-rated and measured olfactory dysfunction, including tonsillectomy and oral health problems. History of loss of consciousness from head injury, sinonasal problems, or serious nose/facial injury, on the other hand, were associated positively and significantly with the prevalence of self-reported smell alteration index and smell problems during the last year, but were inversely associated with measured smell dysfunction.
Self-reported smell function and smell alteration index The frequency of NHANES 2012 participants reporting smell problems within the past year was 12.0 % (95 % CI: 7.7 %-18.3 %) (see Table 1 ), with 18 % reporting loss since age 25 (95 % CI: 12.5 %-25.2 %) and 7.1 % (95 % CI: 4.4 %-11.2 %) experiencing phantom odors. Considering responses to all three questions, the prevalence of any self-reported smell alteration was 25.1 % (95 % CI: 19.2 %-32.1 %) ( Table 1) . As reported earlier for the 3603 participants in NHANES 2011-2012 [9] , all three questions contributed unique components to the combined smell alteration index.
Of those noticing a change in their sense of smell, most were willing to report when they noticed a change in ability to smell (Fig. 2) .
There was consistency between the lengths of time reported since respondents first experienced a change in olfaction in Fig. 2 , regardless of whether the olfactory dysfunction was 
.4 %).
There also were similar distributions in terms of how frequently the participants experienced the problems for selfreported smell problems and measured smell dysfunction. As shown in Fig. 3 , for adults with any self-reported smell alterations, including measured smell dysfunction, the distribution on average of each category was: Balways present( 54.2 %), Bthe problem comes and goes^(42.2 %), Bonly with a cold^(2.4 %), and Bunknown^(1.3 %).
Comparing self-report with measured dysfunction The sensitivity and specificity of self-report against measured smell dysfunction across the entire study sample is shown in Table 2 . The highest accuracy (maximal sensitivity and specificity) was achieved through the smell alteration index of three questions (problems with smell during the past year, smell loss since age 25, and phantosmia). Although the individual questions achieved excellent specificity (correct identification of normosmia) at >85 %, they had poor sensitivity (correct identification of dysfunction) at <33 % (data not shown). The specificity of the smell alteration index varied only 3.4 % (77.3 % to 80.7 %) depending on the number correct on the NHANES PST. Conversely, the sensitivity varied nearly 24 % (30.6 % to 54.4 %) across the number correct on the PST. The highest sensitivity was dysfunction defined as ≤3 correct (anosmia/severe hyposmia) versus including the higher scores (i.e., hyposmia and normosmia). Based on maximal sensitivity and specificity, the best accuracy for the self-reported smell alteration index was found by classifying olfactory dysfunction as anosmia/severe hyposmia (≤3 on the PST). The NHANES 2012 sample sizes and the U.S. population estimates (nationally weighted percentages) for the distribution of anosmia/severe hyposmia, hyposmia, and normosmia by age, sex and race/ethnicity are shown in Table 3 . Based on the number correctly identified on the olfaction test, 3.2 % (3.4 million) of U.S. adults ≥40 years of age were anosmic/ severe hyposmic (scores 0-3), 9.2 % (9.8 million) were hyposmic (scores 4-5), and 87.6 % were normosmic (scores [6] [7] [8] . Altogether the estimated prevalence of measured olfactory dysfunction (scores <6) was 12.4 % (13.2 million) with smell impairment, that is, measured smell dysfunction. The prevalence of smell dysfunction increased with age, from lowest among the 40-49 year-olds with 4.0 % (96 % were normosmic) to highest in the ≥80 year-olds with 43.1 % (only 56.9 % were normosmic). Males were 3 times more likely to have anosmia/severe hyposmia than females, 4.8 % versus 1.6 %. The frequency of measured olfactory dysfunction was highest in Mexican American, NH black, and NH Asian, with the biggest difference in the classification of hyposmia. However, since the population distribution of age and sex varies across racial and ethnic groups in the U.S., we adjusted for age and sex before examining the race/ ethnicity effects in logistic models ( Table 4 ). The significant race/ethnicity associations increased in magnitude in the ageand sex-adjusted logistic model; this model may provide a truer assessment of the association between racial/ethnic groups and measured smell dysfunction.
Based on several questions asked on the CSQ, we assessed if measured olfactory dysfunction was associated with or Bpredicted^by self-reported chemosensory function responses in the univariate and age-and sex-adjusted logistic models Table 3 Nationally weighted prevalence (%) estimates of measured smell dysfunction (hyposmia and anosmia/severe hyposmia) and normal smell function (Table 4) . A significant association was seen with one component of the smell alteration index (Bsmell problem during the past year^). Statistically removing the effects of this question rendered no significant effect of the self-report variable, Ba worse sense of smell since the age 25.^Similarly, Bsmelling phantom odors^was not a significant factor after removing subjects who had reported either of the other two smell alteration index components. In other words, Breported smell problem during the past year^was the most proximal component of the smell alteration index associated with measured smell dysfunction. For the other questions on the CSQ, while many had increased odds ratios, the only other question that achieved significance was if the respondent said his/her ability to taste food flavors (perhaps reflecting retronasal olfaction) was worse compare to when younger (age 25). Adjusting for age and sex altered some of the odds ratios but did not change the significance of any of the CSQ questions shown in Table 4 . Finally, the Breport of diminished quality of life due to chemosensory-related problems^had greatly increased odds ratios with respect to measured smell dysfunction in both unadjusted and adjusted models in Table 4 (OR = 4.16 in the univariate model and OR = 3.67 after adjusting for age and sex). While the magnitude of these odds ratio estimates is impressive, the confidence intervals are too wide for even approaching statistical significance. This may well be due to the fact than only about one-fourth of respondents with measured smell dysfunction answered this question (only participants self-reporting smell or taste alterations were asked this question) and, in turn, the sample numbers for those responding affirmatively are relatively small. Both of these features contributed to a lack of statistical power. Table 5 shows odds ratios (ORs) with 95 % CIs for risk (and protective) factors associated with measured smell dysfunction in Bunivariate^analysis (each factor individually) and, also, in an age-and sex-adjusted analysis (showing the contribution of each factor, after accounting for age and sex). The variables significant in the univariate analysis included risks for olfactory dysfunction (older adults, aged 70-79 or 80+ years; race/ethnicity, Mexican American, NH black, and NH Asian compared to NH white; less than a high school education; xerostomia-persistent dry mouth; heavy alcohol drinking ever during respondents' lifetime; ever had a tonsillectomy) and, also a protective factor for olfactory dysfunction (participating in moderate-to-vigorous physical activity ≥3 days in a typical week). Allowing for the effects of age and sex, additional variables as risks for olfactory dysfunction included: lowest IPR quartile (≤ 1.1). Associations of history of xerostomia and tonsillectomy with olfactory dysfunction lost significance in the age-and sexadjusted analyses.
Conclusion
The NHANES taste and smell protocol culminated from sustained efforts to integrate laboratory-and clinical-based understanding of taste and smell measures into populationbased studies in order to capture variation in chemosensory function that may be associated with dietary and health outcomes. Building on previous research and the NIH Toolbox taste and smell assessments [6, 7] , the NHANES protocol was designed to be brief, valid, reliable, and to minimize participant burden. With a computerized data collection system and standardized scripts, trained technicians administered the protocol to a nationally-representative sample of adults aged 40 or more years in the NHANES 2011-2012 and 2013-2014 data cycles. The initial public release of the 2011-2012 NHANES chemosensory data (N = 3603) included only selfreport of chemosensory problems or alterations. An earlier report based on this initial public release found that 23 % self-reported smell alterations and 19 % self-reported taste alterations [9] in this nationally-representative sample of U.S. adults 40+ years of age.
This report is based on the limited access measured olfactory function data from the first year the chemosensory examination was implemented, NHANES 2012. The overall prevalence of measured olfactory dysfunction was 12.4 % in adults 40 or more years of age. The prevalence rate increased monotonically with each additional decade of age until reaching 39.4 % for participants 80 or more years of age. These findings showing steeply increasing prevalence with age parallel early reports from a largely community-based sample [55] , the Baltimore Longitudinal study [56] , and the National Geographic Smell Survey [57] .
The overall rate reported for NHANES 2012 is higher than the prevalence of 3.8 % (n = 2838) reported in the Beaver Dam Offspring Study [12, 58] for younger participants, aged 21 to 84 years (mean age = 49 years), which utilized a technician-administered odor identification task, but less than the 19.1 % (n = 1387) for the Skövde population-based study [16] of subjects aged 20+ years, which also was technicianadministered, the 22.1 % (n = 1277) for Dortmund Health Study [59] of subjects aged 25 to 75 years, which used an odor identification task, and the 20 % (n = 10,783) from the OLFACAT study [60] of subjects aged 15+ years, which used a combined newspaper-solicited survey and self-administered procedures.
The NHANES 2012 prevalence of measured olfactory dysfunction among older adults (≥70 years old) was 30 %, which is considerably lower than the approximately 50 % prevalence rates reported for older adults in the Rush Memory and Aging Project [61] (n = 481) and the Mayo Clinic Study of Aging [62] (n = 1430), but consistent with the nationally-representative sample in the National Social Life, Health, and Aging Project [63] (n = 1436) and the Epidemiology of Hearing Loss Study [11] (n = 2491).
The inability to identify the warning odors of smoke and natural gas, which was 20.3 % and 31.3 %, respectively, among adults ≥ 70 years in this study, is a major public health concern. Individuals with olfactory dysfunction are 2 to 3 times more likely to experience a hazardous event than individuals with normosmia [64] , including burning or starting a fire while cooking, inability to smell smoke or a natural gas leak, or ingesting spoiled foods or toxic substances. Preventive efforts that can minimize these hazardous events among individuals with olfactory dysfunction include using smoke detectors and creating fire escape plans, dating foods, reading food labels, as well as following safe food handling to avoid ingesting spoiled foods.
Olfactory testing is not routine in primary care or specialized geriatric health care. Olfactory testing is recommended, for example, in the battery of neurological tests for Parkinson's Disease [65] as well as in the primary care for patients who present with an olfactory disorder, including suggested olfactory testing (e.g., [66] ) for specific disease classifications by the International Classification of Diseases-10 codes [67] and referral if the patient reports changes in quality of life [68] . Self-report questions are used in primary care and gerontology to screen for sensory changes with aging, for example, with respect to changes in vision and hearing; however, testing is preferred [69] . The results from the current analysis suggest that a series of questions on olfactory function within the last year, diminished ability to smell with aging, and presence of a phantom odor has reasonable sensitivity and specificity to identify individuals with severe hyposmia/anosmia as assessed by the PST with 8 odors. The utility of a series of questions to correctly selfidentify smell dysfunction also was found among individuals with sinonasal disease [70] . Fluctuations in the sense of smell may partially explain the weak association between measured and self-rated olfactory ability [70] . Relatively poor association between measured and self-reported olfactory functioning also can result from using only a single question that fails to capture perceived change with aging [71] , in part, because people may respond to this question from their current frame of reference to similarly (older) aged colleagues/peers. Although the overall prevalence of self-reported smell alteration was double that of measured dysfunction, a longitudinal study of olfactory loss suggests that cross-sectional measures underestimate olfactory losses with aging [63] and measured olfaction may not detect phantosmia. Finally, the associations between self-reported health, adverse exposures and function may vary by race/ethnicity [72] . Beyond advancing age, the other demographic risk factors for olfactory dysfunction in this study are consistent with previous reports. The present analysis showed that men were 3 times more likely than women to have test outcomes of anosmia/severe hyposmia but were equal in frequency for hyposmia. The sex difference with women outperforming men in odor identification and olfactory functioning has been reported in a number of epidemiological studies [62, [73] [74] [75] [76] and, in a longitudinal study, olfactory decline with aging was greater among men than women [63] . Women may be more likely to notice and report changes in chemosensory problems and pathologies associated with impairment [77] , which may partially explain why we did not observe a sex-difference in self-reported smell alteration [9] .
Lower educational achievement also was reported as a risk factor of smell dysfunction in the National Social Life, Health and Aging Project, and explained some of racial/ethnicity differences between the sample of non-Hispanic whites and Hispanics [63] ; similar associations were observed in the OLFACAT study, a large cohort study in Spain [60] . Lowincome status, which is associated with poorer educational attainment, was reported in the Beaver Dam Offspring study [12] as a risk for olfactory dysfunction, which is consistent with the present findings.
Since the 2012-2014 NHANES oversampled Hispanic, NH black, and NH Asian [51] racial/ethnic groups, this provided a unique opportunity to examine olfactory dysfunction across sub-groups in the U.S. population. Although we did not observe racial/ethnic differences in self-reports of olfactory dysfunction [9] , we observed a greater risk of measured olfactory dysfunction among adults who were Mexican Americans, NH black and NH Asian. These differences could have resulted from procedure effects, although the NHANES pilot testing and modifications of the PST to ensure cultural appropriateness aimed to minimize procedural differences. The parent forms of the PST, the 12-item B-SIT and 40-item UPSIT, have been shown to perform well in testing olfaction across diverse groups including Hispanics [74, 78] and Asians [79] . Other population-based studies also have reported differences in olfactory testing across race/ethnic groups [63, 80] .
Consistent with our findings, NH blacks had lower olfactory functioning and a greater risk of loss of olfactory functioning with age than participants who were white or of European descent in the National Social Life, Health and Aging Project [63, 80] . One source of data on Asian Americans comes from the Honolulu-Asian Aging Study [81] , an off-shoot of the Honolulu Heart Program, which included olfactory identification testing on over 2220 older men of Japanese heritage. Approximately half of the men aged 71 to 95 had olfactory dysfunction. This rate falls in the middle of that reported for older cohorts but above that reported in the current study (30 %) . In another study utilizing a 40-item odor identification task, Korean Americans outperformed NH black and NH white adults, while Native Japanese scored the lowest [79] . Although we found greater risk of olfactory dysfunction among NH Asians, the NHANES 2012 data with relatively small numbers of Asians does not permit analyses by country of origin. Moreover, familiarity may influence performance on the odor identification task, particularly among adults who were raised in Asian countries with a different odor repertoire [82, 83] . It is noteworthy, however, that risk factors of self-reported olfactory dysfunction for Koreans, based on the Korean National Health and Nutrition Examination Survey [18] , are similar to those reported for adults in the United States [9] .
Reported history of smell-related exposures to clinical risk factors as well as lifestyle behaviors was associated with the risk of measured olfactory dysfunction in the univariate or unadjusted analyses yet some lost significance in the ageand sex-adjusted models. In unadjusted models only, reported histories of tonsillectomy and xerostomia increased the risk of olfactory dysfunction. Although currently the primary reasons for getting tonsillectomy are tonsillitis and chronic problems breathing during sleeping [84] , this surgical procedure was common during the time when adults in the NHANES cohort were children. This was particularly the case among children who had medical insurance, were from upper income families, sought the care of older general practitioners or family physicians, and suffered from frequent upper respiratory tract infections [85] , the latter of which is common in olfactory dysfunction [86] . We did not find that frequent ear infections (otitis media) and sinonasal symptoms, complications of upper respiratory tract infections for children [87] and adults [88] were positively associated with olfactory dysfunction. Our finding of increased risk of olfactory dysfunction in those with xerostomia is consistent with published findings [89, 90] .
The present analysis did not find significant associations between measured olfactory dysfunction and some previously identified risk factors including head trauma [91] and sinonasal problems [92] . These risk factors did associate with the risk of self-reported smell alterations in our previous analysis of over 3600 participants of NHANES 2011-2012 [9] . In the univariate or multivariable analyses, head trauma, sinonasal problems, and xerostomia were independently associated with increased risk of self-reported smell alterations while the increasing age effects were not [9] . The lack of association between head trauma and measured olfaction in the present study is perplexing. The question asked in order to identify head trauma specified loss of consciousness but did not inquire about how recently the event had occurred or the frequency of occurrence (repeated events). The type of head trauma associated with olfactory dysfunction [91] may involve an interaction between physical activity, head trauma, and olfactory dysfunction. In addition, sinonasal problems can cause fluctuations in olfactory function that may not have been detected in the single NHANES olfactory test but may still have been recalled and mentioned in self-reports.
In agreement with findings from the Beaver Dam studies [93] and previously observed associations with self-reported olfactory alterations in NHANES 2011-2012 [9] , we found that heavy drinking was associated with a greater risk of measured olfactory dysfunction. Alcoholism impairs the cognitive component of olfactory function that is tested by olfactory identification [94] . Heavy drinking also impairs the immune system [95] , increasing the risk of infections that can damage the peripheral olfactory system. Smoking in this sample of older U.S. adults, however, was not identified as a risk factor for olfactory dysfunction; the logistic regression unexpectedly showed that past smoking, after adjusting for age and sex, was associated with decreased risk of olfactory dysfunction. The correction for age and sex, may be calling attention to the importance of quitting smoking for an extended period of time, which may allow for the recovery from the effects of past smoking. In population-based studies with crosssectional analysis, smoking has been associated with greater risk of olfactory dysfunction [11, 59] as well as no association with olfactory dysfunction [16] or as a small protective factor [60] . Differences in findings across these population-based studies could have result from how smoking was defined. The current analysis did not consider additional information on the level of exposure to cigarette smoking, including amount smoked per day and number of years smoking, the recency of quitting, consideration of biomarkers of smoking (e.g., cotinine), and level of nicotine dependence, which may be better measures to capture associations between smoking behaviors and negative health outcomes [96] . Preliminary data from our laboratory suggests that chronic smokers have higher rates of olfactory dysfunction (assessed by odor identification) than reported in this NHANES analysis [97] and that heavy drinking and chronic smoking interact to explain risk of selfreported olfactory dysfunction [98] . Reduced risk of olfactory dysfunction was found with physical activity in this report and in the Epidemiology of Hearing Loss study [73] . Reported physical activity may be a proxy as well for an overall high level of health across aging [99] .
A number of limitations of the current analysis need to be acknowledged. First, the cross-sectional design only allows reporting of associations; causal relations cannot be established. The sample size is limited for detailed population sub-group analysis, particularly with all of the risk factors and the racial/ethnic sub-groups available, as well as limited for multi-variation analyses. Future release of the larger NHANES 2013-2014 dataset will allow additional sensitivity and stratification analyses to further explore risk factors for olfactory dysfunction.
With regard to study procedures, the olfactory test administered did not repeat missed odors after feedback to minimize non-olfactory reasons for incorrect identification such as familiarity or testing situation [100] . The 8-item odor identification test (Pocket Smell Test) provided a screening for olfactory dysfunction that has reasonable sensitivity and specificity [14, 78] , although has limitations with respect to detection of mild microsmia/hyposmia. Cognitive function was not examined as a risk factor for olfactory dysfunction in this report, which is a limitation, particularly as neurodegenerative disorders [101] increase the risk of olfactory dysfunction. Another limitation is self-report of studied risk factors, such as sinonasal problems and head trauma. Future analysis should also consider the pathways of the observed associations, including variables that mediate and moderate with regard to risk or protection (risk reduction) against olfactory dysfunction.
Despite these shortcomings, there are a number of strengths with regard to the findings presented in this paper. A weighted analysis was used of a large representative national sample, increasing the generalizability of the findings to the current civilian, non-institutionalized U.S. population 40 or more years of age. The sample represented diversity in demographic factors including race/ethnicity, as well as education and especially income, which often are not possible to include in smaller scale population-based or community-based studies. The smell measures that were standardized and implemented in NHANES 2012 should have important implications for informing clinical practice in chemosensation, including how to screen for severe olfactory dysfunction.
These findings and future analyses of the NHANES taste and smell data may help to inform physicians and gerontologists about the likelihood and co-morbidities of chemosensory impairments, including appropriate counseling needed to mitigate the health and safety risks of chemosensory impairments in their patients. That 30 % of older adults appear unable to identify the natural gas odor underlines the importance of having working detectors in homes and the workplace, including the use of detectors for smoke, carbon monoxide and natural gas.
In support of Healthy People 2020 chemosensory objectives [3] , findings from the 2013-2014 NHANES taste and smell protocol will become easily available via the internet to researchers, policy makers, and the general public. Findings from this first NHANES chemosensory protocol will have important implications in terms of informing Federal recommendations, programs and policies to increase research, education and healthcare services directed at improving prevention, diagnosis and treatment of chemosensory disorders in the United States. Future analyses of the chemosensory measures with dietary and other health measures concurrently collected in the NHANES will allow researchers to explore the effects of taste and smell alterations on dietary behaviors and dietrelated health outcomes, such as excess adiposity, hypertension and hyperlipidemia. In addition, these NHANES data may contribute to identifying additional modifiable and nonmodifiable risk factors of chemosensory disorders.
